Abstract. The aim of the study was to determine the potential for the application of dust from steel plant as an effective sorbent for removing Cr(III) and Cr(VI) in the form of simple and complex ions -Acid Blue 193 dye from aqueous solutions. Three isotherms models were used to interpret the experimental results namely: Langmuir, Freundlich, and DubininRadushkevich. Estimated equations parameters allowed to determine the binding mechanism. Based on laboratory studies it was found that the dust was characterized by high sorption capacities for Cr ions and dye from the aqueous solution. The sorption capacity of the dust for Cr(III) and Cr(VI) ions depended on the degree of oxidation, pH of solution and kind of anion and changed in series: Cr(III)-Cl pH=5.0> Cr(III)-SO4 pH=5.0> Cr(III)-Cl pH=3.0> Cr(III)-SO4 pH=3.0> Cr(VI) pH=5.0> Cr(VI) pH=3.0. Dust was also characterized by a high maximum sorption capacity of dye at a range of 38.2 -91.7 mg/g, depending on the dose of dust. Based on the study it was found that dust from a steel plant, containing iron oxides, can be used as low-cost and effective sorbent to remove pollutions containing chromium ions, especially from acidic wastewater.
Introduction
Among the different pollutants of an aquatic ecosystem, dyes are a large and important group of industrial chemicals. They are originated from dyeing process in: textile, cosmetic, paper and leather industries [1] [2] [3] . Metal-complex dyes, often used in the dyeing process, contain in their structure chromium ions which are bound in the form of complex ions. This dyes are water-soluble, have high light stability and wet properties. Unused dyes and auxiliary substances, such as hexavalent chromium ions, enter the environment along with wastewater.
Chromium species exist in water in two different oxidation states: Cr(VI) and Cr(III). Both forms of chromium differ considerably in chemical properties and environmental impact. Trivalent chromium is a nutrient and essential microelement at trace levels, on the other hand hexavalent forms of chromium are highly toxic and carcinogenic. Depending on the source (kind of industry), chromium in wastewater occurs as strongly hydrated cations [Cr(H2O)6] 3+ , as anions Cr2O7 2- or HCrO4 -(galvanic, textile wastes) or as complexed neutral, anionic or cationic compounds (textile dyeing wastes) [4] . According to current Polish legislative regulations of the Ministry of the Environment the concentrations of the Cr(VI) ions and total Cr in sewage introduced into water should be lower than 0.05 -0.5 mg/L and 0.5 -1.0 mg/L, respectively. Due to low concentration limit for chromium ions in wastewater, it is necessary to eliminate it thoroughly from contaminated effluents. Several treatment technologies have been developed to remove chromium from water and wastewater. The common methods include chemical precipitation, ion exchange, membrane separation, sedimentation, and adsorption [5, 6] . Adsorption onto activated carbon is effective in the removal of contaminants from wastewater at a wide range of them but its regeneration after the use is troublesome [2, [7] [8] [9] . Due to the inability to widely used, arises the need of searching the cost effective substitutes with high sorption capacity. Such sorbents are: clays, peat, brown coal, zeolites, composts and metallurgical wastes [10] [11] [12] [13] [14] [15] [16] .
Residue such as dusts and sludges that originate from steel plants in course of steel production are only partially recycle. Its chemical composition, including high iron content that suggests possibility of application as sorbent for chromium ions [15, 16] .
The aim of this study was to determine the sorption capacity of metallurgical dust for the Cr(III), Cr(VI) ions and metal-complex dye -Acid Blue 193, as well as determining the most efficient and economical (by minimizing the sorbent treatment) process conditions. Moreover, using the nonlinear sorption isotherms the values of parameters in the Freundlich, Langmuir and Dubinin-Radushkevich sorption equations were estimated.
Materials and methods

Research materials
Dust from de-dusting of sintering belt obtained from steel plant was used for laboratory studies. Dust contained high amount of iron compounds (Fe -51.66%, FeO -6.07%, Table  1 ). Presence of calcium oxide contribute to high pH in water suspension (pH=10.11) and high buffer capacity (plot not included) indicating potential to counteract pH changes, for example in reaction with acidic solutions. Sorption studies were carried out using metal-complex dye -Acid Blue 193 (AB-193) and Cr(III) and Cr(VI) ions. Figure 1 shows the characteristics of the Acid Blue 193 dye: structural formula of dye, CAS number, molecular formula, molecular weight, wave length at which concentrations were measured and pH value in water at 1 g/L. Chromium (III) ions solution was prepared by dissolving CrCl3·6H2O or KCr(SO4)2•12H2O in water. Solution of chromium (VI) ions was prepared by dissolving K2CrO4.
Methods
Sorption process
Laboratory experiments on sorption of metal-complex dye and Cr(III) and Cr(VI) were carried out under the batch method at room temperature, contact time of the solid phase (S) to the solution (L) -24 hours, the initial concentrations of dye within the range 1 -1000 mg/L, and of Cr ions 0.1 -1000 mg/L, the solid phase to the solution ratio for AB-193 dye 1:50, 1:100, 1:200, for Cr ions 1:100, and the pH in the Cr(III) and Cr(VI) stock solutions 3.0 or 5.0 adjusted using 0.1M KOH and 0.1M H2SO4, respectively.
The initial (C0) and equilibrium (Ceq) concentrations of the dye were determined using UV-vis spectrometry (Spectrometer Varian Cary 50 Scan UV-VIS) and Cr ions concentrations were determined by atomic absorption spectrophotometry (Spectra 200, Varian).
Amount of dye and Cr ions adsorbed (q) by the used sorbent was calculated from the formula:
where: m -sorbent mass (g), V -solution volume (L).
Percentage pollutions removal (R) was calculated from the formula:
Determination of parameters in sorption isotherms
In order to estimate sorbent maximum sorption capacity and to determine the mechanism of the binding of the dye and Cr ions, three isotherm equations were used: Freundlich, Langmuir and Dubinin-Radushkevich. Freundlich Isotherm of the formula [17] :
where:
), 1/n -measure of surface heterogeneity (the higher the 1/n value, the more favorable the adsorption).
Langmuir Isotherm represented by the following equation [18] :
where: Q -maximum sorption capacity relative to dye/Cr ions (mg/g), KL -Langmuir isotherm constant (L/mg).
Dubinin-Radushkevich Isotherm represented by the equation:
where: qD -the sorption capacity of studied dust for dye/Cr ions (mmol/g), β -the constant (mol 2 /J 2 ), ε is the Polanyi potential (J/mol), which is equal to:
where: R -gas constant (8.314 J/mol·K), T -absolute temperature (K). The β constant was used to determine the free energy (E) of the adsorption:
The E value indicates that it is ion exchange adsorption (8<E<16 kJ/mol), or physical adsorption (E<8 kJ/mol) [19] .
To determine the values of parameters in the sorption isotherms the nonlinear regression method was used (Statistica ver. 9.0). Apart from determination coefficient four different error functions of non-linear regression basin were employed in this study to find out the most suitable isotherm models to represent the experimental data [20] (9) where: qcal -calculated, qmeas -measured. The results showed that at a ratio of S:L=1:50 (dust dosage 20 g/L) AB-193 dye was completely bound, at the initial concentration ranging from 1 -100 mg/L, sorption capacity changed in a range 0.0545 -4.96 mg/g. At the ratio of S: L=1:100 (dust dosage of 10 g/L) and 1:200 (dust dosage of 5 g/L) dye was completely bound only at concentration equal 1 mg/L. As the initial concentration increased, the sorption capacity of the dust increased. At the maximum initial concentration of 1000 mg/L and the ratio S:L=1:50 AB-193 dye was bound in an amount of 38.2 mg/g, in the ratio S:L=1:100 and 1:200 were bound in an amount 64.31 mg/g and 91.7 mg/g, respectively. With the increase of the dye initial concentration in the solution and the decrease the dosage of dust, it was observed a reduction of the degree its removal from the solution (removal efficiency). At the maximum dye initial concentration in solution, the removal rate was 76.17%, 64.11% and 45.71%, respectively. The trend indicates that the sorbent percentage was proportional to the sorbent mass and was in agreement with the formula: Genc and Oguz [16] were carried out studies on the removal of metal-complex dyes containing chromium using metallurgical wastes. Scientists have found much worse research results (such as q = 3.2 mg/g for Acid Yellow 99, q = 0.6 mg/g for Acid Red 183) under the same conditions of sorption (such as S:L = 1:100, C0 = 100 mg/L).
Study results and discussion
Sorption of Acid Blue 193 dye onto dust
By comparing the sorption capacity and the removal rate of AB-193 dye depending on the ratio solid phase to the solution (S:L), it was found that the most favorable conditions of its binding are at S:L=1:100 (Fig. 3) . Therefore, it was decided that the Cr ions sorption studies would be carried out only at the ratio S:L equal 1:100. initial concentration range from 0.1 to 100 mg/L, ions from both solutions were sorbed completely and solution pH was above 7.5.
Sorption of chromium (III) and (VI) onto dust
In Studied dust has high buffer capacity and suspension pH due to calcium oxide presence. Hence pH in equilibrium solutions was higher than in starting solutions. Moreover pH above 5.0 causes Cr precipitate in form of Cr(OH)3.
Presence of Fe compounds in dust causes that Cr(III) ions can be bound by hydrated iron oxides in the reaction 3FeO(OH) + Cr 3+ = (FeOO)3Cr + 3H + . Dust sorbed Cr(VI) ions in smaller quantities in corresponds to Cr(III) ions. From solutions of pH 5.0 they were sorbed in range 0.008 to 18.0 mg/g and from solutions of pH 3.0 from 0.012 to 16.0 mg/L, no influence of solution pH upon dust sorption capacity was found. Removal degree of ions from solution changes in following order 90.0 -18.0% and 90.0 -16.0%, respectively. Sorption of Cr(VI) ions occurred at similar pH 9.22 -6.99.
Iron oxide belongs to compounds of high point of zero net charge (pHPZC> 8.0) value, which is defined as the pH at which the charge of the colloidal particles is equal to zero. The minerals are positively charged due to the protonation of the surface when the solution pH is lower than their pHPZC values and negatively charged due to the deprotonation of the surface when the solution pH is higher than the pHPZC. Hence iron compounds at pH below 8.0 have positively charged surface and can bond anionic contaminants (Cr2O7 2-) or anionic dyes. Fig. 4 . Sorption isotherms and the percentage removal of Cr(III) and (VI) for studied dust.
Freundlich, Langmuir and Dubinin-Radushkevich adsorption isotherm models
The isotherm parameters for all the models studied along with correlation coefficient R 2 and values of error for functions of non-linear regression are listed in Table 2 . The plots of the experimental data and the predicted data from Langmuir, Freundlich and DubininRadushkevich (D-R) isotherm models of studied dust are shown in Figure 5 .
The R 2 values suggest that the all isotherms provide a good models of the sorption of AB-193 on metallurgical dust. Values of 1/n less than 1 in Freundlich isotherm show the favorable nature of adsorption of AB-193 on dust for all S:L ratio. The saturated monolayer sorption capacity, qmax for dye, were higher than the experimental values. At the same time, the D-R isotherm model also well described the AB-193 sorption onto dust. The mean free energy values (E) for adsorption of dye onto dust were above 8.0 kJ/mol and indicate that the sorption process had an ion-exchange character. On the other hand Langmuir and D-R isotherm exhibited lower SSE and χ 2 values then Freundlich considered to be a better fit compared to the Langmuir and D-R isotherms. Studies upon possibility of application of residual dust from steel plants indicate that mentioned dust may be used as effective sorbent for removal of Cr(III) and Cr(VI) ions from aqueous solutions including acidic solutions.
